The fundamental processes controlling the high-temperature interaction of dislocations with precipitates in Al-alloys were investigated in real time by deforming specimens in situ in the transmission electron microscope at elevated temperature. The observations support a bypass mechanism involving the interaction of lattice dislocations with the precipitate-matrix interface dislocations, where the rate-limiting step in the interaction is the release of the dislocation from the particle. These observations are discussed in relation to high-temperature deformation processes and models.
I. INTRODUCTION
At low temperatures, strengthening due to secondphase particles is governed by the dislocation either cutting through or looping around the particle. 1 The former process occurs predominantly for small coherent particles, and the latter for incoherent particles and large coherent particles. At higher temperatures, dislocation climb introduces other bypass mechanisms, which are classified as either local or general climb. 2, 3 Local climb refers to the situation in which the dislocation remains in the glide plane, except at the particle where it is confined to the particle-matrix interface, giving rise to a sharp bend in the dislocation line. On the other hand, general climb refers to a relaxed configuration where the portion of the dislocation undergoing climb extends well away from the interface to minimize the line energy. The nature of the climb process influences the resistance associated with the particle, with the resistance being in general higher for local climb when the particles are coherent. For incoherent particles, the dislocations undergo local climb and then detachment. 4, 5 The stress associated with the detachment depends on the increase in strain energy associated with the lattice dislocation being released from the particle-matrix interface and may be greater than the stress associated with dislocation climb. 5, 6 For dislocation interactions with incoherent particles, it is assumed that the incoherent interface allows the core of the lattice dislocation to spread, which makes it easy for the dislocation segment to move to the exit side of the particle. Alternatively, the lattice dislocation can interact with the interfacial dislocations to become incorporated into the interface much in the same way they are incorporated into a grain boundary. 7 These interfacial dislocations can, through a process of glide and climb, move rapidly across the interface. Such a process would likely generate additional interfacial dislocations as the detachment process would require the creation of a dislocation segment with the same Burgers vector as the original lattice dislocation. The generation of these additional interfacial dislocations will most likely impact the progress of subsequent dislocations. This paper reports direct, dynamic observations of dislocation particle interactions at elevated temperatures through in situ deformation of Al alloys in the transmission electron microscope.
resulting bimodaldistribution of Al 3 Sc particles, but it was effective in solutionizing most of the microstructure. Additional Al-4Mg-0.3Sc samples for in situ straining were produced from interrupted superplastic test specimens. These samples were rolled to 70% reduction and in the unrecrystallized state were deformed at a temperature of 460°C and a strain rate of 10 −3 s −1 ; under these test conditions, the samples exhibited a 360% elongation. These tests were interrupted at a true strain of 0.2 and the samples were quenched using a liquid nitrogen spray to maintain the high temperature microstructure. 8 Plates of Al-Zn-Mg-Cu-Zr (705X) were obtained from Alcoa (Pittsburgh, PA) in the T7 condition, an overaging treatment historically used to increase corrosion resistance. 9 Due to the complex, particle-dense microstructure produced by the T7 heat treatment, the material was homogenized at 480°C prior to testing. This returned most of the precipitates to solution; only coherent Al 3 Zr and large constituent phases remained. Secondphase, (MgZn 2 )-type particles were re-nucleated during in situ heating of the sample and were then used to observe dislocation-particle interactions.
For observation in the transmission electron microscope (TEM), 200-m-thick slices of material were cut using a Buehler Isomet (Lake Bluff, IL) diamond saw. These were then thinned to 150 m with 800 grit sandpaper before being jet-polished to electron transparency in cooled acid solutions. For the Al-4Mg-0.3Sc samples, the solution consisted of 5% perchloric acid and 95% methanol, with polishing parameters set at −35°C and 17 V. For the Al-Zn-Mg-Cu-Zr samples, a solution of 33% nitric acid and 67% methanol was used at a temperature of −28°C and 10 V.
The straining experiments were performed in a JEOL 4000EX (Akishima, Japan) at operating voltages of either 200 or 300 keV. Although these voltages are above the threshold displacement voltage for Al (180 keV), no significant radiation damage was observed, although it is likely that the concentration of point defects was increased. In the high-temperature straining stage, the design precludes knowing the sample temperature accurately during deformation. This is because the sample does not make good contact with the heating element. A previous calibration of the stage, using a stainless steel sample, allows for estimates of the temperature to within −150°. 8 This problem was overcome using the thermal stability of the precipitates and the elevated temperature response to provide a measure of the deformation temperature. Because of this uncertainty, the temperatures quoted are approximate.
III. RESULTS
The microstructure of the Al-Mg-Sc alloy consists of a bimodal distribution of Al 3 Sc particles. Large particles, which existed in the as-received state, had diameters in the range of 125 to 225 nm and had a semi-coherent interface with respect to the matrix. Small coherent particles with diameters from 12 to 25 nm were distributed homogeneously throughout the grains. The Al-Zn-MgCu-Zr alloy contains , Ј, large constituent phases, and small Al 3 Zr precipitates. With the exception of the constituent phases and Al 3 Zr precipitates, the others are unstable in the temperature range of interest.
The dislocation-precipitate structure commonly observed following high temperature compression tests and superplastic deformation is shown in the micrographs presented in Fig. 1 for the Al-Mg-Sc alloy. What is evident from these images is that the dislocation structure associated with the large particles is similar for each of the deformation histories. The object of the in situ deformation studies was to determine the processes by which these structures develop. While these dynamic interactions are easy to see in real time, they can be difficult to see in static images. To facilitate the interpretation of the reactions, schematic representations are used and the corresponding videos can be viewed at http:// robertson.mse.uiuc.edu/Clark/Clark.htm. (Note the videos will be available for at least one year following publication.)
The series of images presented in Fig. 2 were captured from individual videotape frames and illustrate the attractive interaction of a mobile lattice dislocation with a large Al 3 . With no increase in displacement rate, the dislocation velocity increased by a factor of three to about 100 nm s −1 as the dislocation approached within 100 nm of the particle [Figs. 2(b) and 2(c)]. The capture of the dislocation by the precipitate can be seen in Fig. 2 (c), with the remaining segment indicated by the arrow. Evidence that the dislocation is interacting with the particle comes from the changes in the Moiré fringe pattern seen in Figs. 
2(d)-2(f ).
The total interaction time is 60 s with the majority (40 s) being associated with the detachment of the dislocation from the precipitate. Changes in the Moiré fringe contrast of the precipitate last for only 20 s. The dislocation is seen emerging from the particle in Fig. 2 (h) and to be fully released in Fig. 2 
(i).
A second dislocation appears in Fig. 2(g ), but its glide plane does not intersect the precipitate and it simply moves past. However, the back stress of this dislocation on the interacting dislocation may have influenced the release of the latter from the particle. For this interaction, the precipitate contrast returns to its original condition after the dislocation has been ejected back into the matrix, suggesting a relaxation of the particle-matrix interface structure.
FIG. 2.
Attractive interaction between a matrix dislocation and an Al 3 Sc precipitate at 400°C. A second dislocation (arrowed) on the same slip system appears in image g, but it does not interact with the particle. , T ‫ס‬ 500°C, ⑀ T ‫ס‬ 0.15.
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In addition to a strong attractive interaction of the dislocation to the particle, repulsive interactions are also observed. An example of this duality is shown in Fig. 3 for dislocations interacting with a single Al 3 Sc particle at an approximate temperature of 400°C. A schematic illustration of the interactions, in which dotted lines indicate the slip traces on the sample surface, is given for further clarification with the letters corresponding to the labels on the images. As dislocation 2 approaches the particle, a small segment of its line length interacts with the top portion of the particle-matrix interface as indicated by the arrow in Fig. 3(c) . Dislocation segment 2b then experiences a strong repulsive force and is pushed away from the particle in Fig. 3(d) . The interacting segment remains pinned to the interface, perhaps due to interactions with interfacial dislocations, and the remaining free segment 2a continues to move slowly along its original path. Two seconds later, a segment of dislocation 3 experiences a noticeable attractive interaction with the bottom side of the particle, which is shown with an arrow in Fig. 3(f) . Dislocations 2 and 3 appear to be on parallel slip planes and are likely identical in character, indicating that the position at which the dislocation strikes the particles influences the interaction.
The series of images presented in Fig. 4 shows the interaction of a dislocation with a large Al 3 Sc particle under an applied load at approximately 400°C; the position of the mobile dislocation is also shown schematically   FIG. 3 . Attractive (dislocation 3) and repulsive (dislocation 2) interactions of dislocations interacting with the same Al 3 Sc particle at 400°C. See text for details.
o) with the pairs of dislocation lines representing before and after positions of the dislocation in the respective micrographs. The slip trace on the surface is indicated by the dotted lines in the schematics. In the initial configuration, the precipitate contains a number of small loop segments along its edge and is interacting with a matrix dislocation (arrowed and the ends marked with white dots). This dislocation terminates at the precipitate and is moving in the direction indicated. As the dislocation moves in the matrix, it drags the end attached to the precipitate, creating a circular segment similar in appearance to the others [Figs. 4(a)-4(d) and schematic Figs. 4( j)-4(m)]. As the dislocation line length extends away from the precipitate, it interacts with the specimen surface [see Fig. 4(d) ], causing it to break into two segments. These are labeled as segments 1 and 2 in Fig. 4 (e) and schematic Fig. 4(n) , with arrows indicating the direction of motion. Dislocation segment 1 moves back to the particle where it is accommodated, as evidenced by the contrast changes arrowed in Figs. 4(f )-4(i) and schematic Fig. 4(n) , and segment 2 continues to move in the initial direction. This interaction provides an explanation for the formation of the partial loop structures associated with this particle.
The preceding figures consider isolated dislocation interactions with a particle and the subsequent changes in the particle structure are difficult to discern. In Figs. 5 and 6 , the interaction of a subgrain boundary (dislocation array) with large Al 3 Sc particles during deformation at an approximate sample temperature of 400°C is presented. The samples had previously been rolled to a 70% reduction and then deformed at 460°C at a strain rate of 10 −3 s −1 to a true strain of 0.2. Figure 5 shows a subgrain boundary, oriented almost parallel to the electron beam, interacting with a large Al 3 Sc precipitate. From analysis of the video frames, the change in relative velocity as the boundary approaches and interacts with the particle can be measured. Before the interaction it moves at a velocity of 1.2 nm s −1 , slows by 25% to a velocity of 0.9 nm s −1 during the interaction, and then returns to a velocity of 1.3 nm s −1 after it breaks free of the particle. The particle structure shows significant contrast change as the bypass progresses. This is most clearly represented in Fig. 5(c) , in which the contrast of the precipitate is clearly more complex in the wake of the array. Following passage of the boundary, the contrast in the precipitate changes due to partial relaxation at the interface [compare Fig. 5(i) ]. Closer examination of the process reveals that the boundary detaches from the particle non-uniformly, with the segment on the right side breaking free before the segment on the left side [see Fig. 5(d) ]. Following detachment, dislocations appear to extend from the boundary to the particle, as marked by arrows in Figs. 5(f ) and 5(g), however, these are released after further motion. Despite the difference in release times, the boundary regains its form after passage presumably to minimize the energy of the dislocation array [ Fig. 5(i) ].
In the series of video-frame images presented in Fig. 6 , the orientation of the subgrain boundary is such that the interactions of individual dislocations with the precipitate are discernable. Changes in interfacial contrast [compare Fig. 6(a) with Fig. 6(f ) ] suggest that the dislocations are actively interacting with the interface during the bypass process. In Fig. 6(c) , the dislocations interacting with the particle appear pinned, while the rest of the dislocations in the non-interacting segments are still mobile. As the subgrain boundary moves beyond the particle, the interacting dislocations become curved showing that a portion is still in contact with the particle [Figs. 6(c)-6(f ) ]. This could be because they are either strongly attracted to the precipitate or because their interaction with the interfacial dislocations have temporarily pinned them to the interface. Some of these dislocations break free due to interaction with the sample surface [Figs. 6(e) and 6(f )], allowing them to resume their previous configuration in the array. However, in Fig. 6(f ) , some dislocations are still pinned to the precipitate, and they trail behind the rest of the array. This structure of dislocations extending from the grain boundary back to the particle is similar to that observed in post-mortem analysis of bulk deformed material. The altered particle contrast, as a result of the interaction, The emphasis in the previous images has been on the interaction with Al 3 Sc particles. However, as shown in the images presented in Fig. 7 , similar interactions are observed between dislocations and semi-coherent particles in Al-Zn-Mg-Cu-Zr at an approximate temperature of 475°C. In this case, the dislocation movement was controlled solely by thermal stress imposed by increasing the temperature in a sample constrained within a holder. In this interaction, the bypass is achieved primarily by the motion of segment A, with segment B remaining stationary. The detachment occurs by segment A moving toward segment B. A schematic illustrating the motion of the dislocation in Figs. 7(a)-7(c) is shown as an inset in Fig. 7(c) . The critical angle before detachment is seen in Fig. 7(c) to be approximately 90°for both segments, indicating the strength of the departure-side pinning.
IV. DISCUSSION
The in situ TEM deformation technique was used to investigate the interaction of dislocations with precipitates at elevated temperatures in two aluminum alloys, Al-4Mg-0.3Sc and Al-Zn-Mg-Cu-Zr. While the conditions of these experiments could not reproduce the conditions achieved in the bulk specimens, the resulting microstructures were similar to those found in post-mortem analysis of the same alloys tested in compression and tension at elevated temperatures, suggesting that the technique can provide insight to the processes controlling dislocation-precipitate interactions in various test conditions. The in situ experiments showed (i) attractive and repulsive interactions occur between glissile dislocations and the semi-coherent Al 3 Sc and (MgZn 2 ) precipitates; (ii) the detachment of the matrix dislocation from the precipitate is the rate-limiting step; and (iii) the passage of dislocations and dislocation arrays alters the contrast B.G. Clark et al.: High-temperature dislocation-precipitate interactions in Al alloys: An in-situ TEM deformation study of the precipitate, suggesting that the bypass process involves the interaction of lattice and particle-matrix interface dislocations.
The attractive and repulsive interactions between the dislocation and the particle presented in Figs. 2 and 3 can be attributed to the difference in lattice parameter, shear modulus, coefficient of thermal expansion, and Poisson's ratio between the particle and the matrix. Based on these differences, the interaction force between an edge dislocation and a particle can be calculated using linear elasticity theory; the glide force experienced by an edge dislocation as a function of the ratio of the distance from the slip plane to the particle center line (H) to the particle radius (R) for an Al 3 Sc particle in an Al matrix at 400°C is shown in Fig. 8 . The inset illustrates the geometry and parameters used for this calculation. Input values for the lattice parameter, shear modulus, coefficient of thermal expansion, and Poisson's ratio were, respectively, 0.4103 nm, 10, 11 68.4 GPa, 12 16 × 10 −6 /K, 13 23.4 × 10 −6 /K, 9 and 0.33 9 for the Al matrix. In addition to a strong attractive interaction for H/R > 0, the theory also predicts a strong repulsive interaction for H/R < 0.
In the following, the need to consider the complexity of these interactions is demonstrated by considering the dislocation-particle interactions that form the basis of current creep deformation models. 4, 5, [15] [16] [17] These models simplify the dislocation-particle interaction to one ratelimiting step, which is unaffected by any prior interactions.
That is, the nature and strength of the interaction is the same for the first and last dislocation that interacts with the particle. In the simplest forms these models are applicable in pure single crystals containing particles, as grain boundary and solute contributions to the macroscopic flow are excluded, although in some cases, the models have been extended to account for these effects and also for dislocation-dislocation effects. 15, 17 Even in these cases, the flow behavior is not fully captured For coherent particles, the diffusion-controlled climb bypass process, rather than the release of the dislocation from the particle, is rate-limiting. 16 The climb process allows the dislocation to move out of the plane of contact with the particle and then to glide past it. In contrast for incoherent particles, as in the detachment-controlled model proposed by Arzt, Rosler, and Wilkinson 4,5 and subsequent modifications thereof, 15 ,17 the rate-limiting step is the detachment of the dislocation from the particle-matrix interface. The mechanism by which the dislocation moves across the particle is considered inconsequential. High voltage electron microscope deformation studies of dislocation interactions with incoherent particles in oxide dispersion strengthened alloys have shown that at low stresses, the time for detachment is longer than the rest of the bypass process. [18] [19] [20] A similar result was found in this study for dislocation interactions with the semi-coherent Al 3 Sc and for particles. This restriction in the detachment process has been attributed to the spreading of the core of the lattice dislocation across the particle-matrix interface. 21 An alternative explanation for the rate of this process is the need to reform or create a segment of dislocation with the same Burgers vector as the lattice dislocation from the interfacial dislocations. This would be similar to the creation and ejection of a dislocation from a grain boundary in response to a local stress concentration such as might arise from a pileup of dislocations. Such a process would create additional interface dislocations, which might explain the changing image contrast on the particle as the lattice dislocation detaches. This does not necessarily create a complex interfacial structure as it can relax to some degree as evidenced by the change in precipitate contrast during and after the interaction (Fig. 2) .
In an effort to explain the nature of the attractive dislocation-particle interactions observed during creep deformation of dispersion-strengthened alloys, Mishra et al. 7 proposed that lattice dislocations dissociated into interfacial dislocations when they entered the particlematrix interface in a manner analogous to the interaction of dislocations with grain boundaries and the process of slip transfer. The model yields a threshold stress for creep that is dependent upon particle radius, interparticle spacing, and the specific dissociation reaction. The model lacked experimental verification that these interactions occurred and assumed that the dislocation reactions were the same as for dislocation-grain boundary interactions. The observations described herein show that the lattice dislocations interact with the interfacial dislocation structure and that the motion of the lattice dislocations results in a change in this interfacial structure, which is consistent with the interfacial dislocations assisting the bypass process.
V. CONCLUSIONS
The in situ TEM high-temperature deformation technique was used to investigate the mechanisms by which dislocations and dislocation arrays in low-angle subgrain boundaries interact with semi-coherent particles in Al alloys. The bypass mechanism involves interaction of the lattice dislocation with the particle-matrix interfacial dislocations, and the rate-limiting step is the detachment of the lattice dislocation from the particle. This limiting step may involve the reconstruction of the lattice dislocation from the interfacial dislocations at the detachment point. The interaction alters the interfacial structure which will influence subsequent dislocation-particle interactions.
